Neuronal discharge is driven by either synaptic input or cell-autonomous intrinsic pacemaker activity. It is commonly assumed that the resting spike activity of retinal ganglion cells (RGCs), the output cells of the retina, is driven synaptically, because retinal photoreceptors and second-order cells tonically release neurotransmitter. Here we show that ON and OFF RGCs generate maintained activity through different mechanisms: ON cells depend on tonic excitatory input to drive resting activity, whereas OFF cells continue to fire in the absence of synaptic input. In addition to spontaneous activity, OFF cells exhibit other properties of pacemaker neurons, including subthreshold oscillations, burst firing, and rebound excitation. Thus, variable weighting of synaptic mechanisms and intrinsic properties underlies differences in the generation of maintained activity in these parallel retinal pathways.
Introduction
A common characteristic of neural circuits is that they are active even at rest. The maintained or resting discharge of neurons is determined by a combination of synaptic input and intrinsic electrophysiological properties (Harris-Warrick, 2002; Hausser et al., 2004; Surmeier et al., 2005) . These factors are weighted differently in different neural circuits. In some neurons (e.g., cortical pyramidal cells), maintained activity requires synaptic input (Cowan and Wilson, 1994; Sanchez-Vives and McCormick, 2000; Petersen et al., 2003) , whereas in other cells (e.g., cerebellar Purkinje cells), it is driven primarily by the intrinsic pacemaker properties of the neuron itself (Hausser and Clark, 1997; Raman and Bean, 1999) . Information about the synaptic and intrinsic mechanisms that underlie resting discharge in the output cells of a neural circuit is critical for understanding how the circuit functions.
The neural circuitry of the retina processes images projected on the photoreceptor mosaic and relays visual information to the brain through changes in the spike activity of retinal ganglion cells (RGCs). These are the output cells of parallel retinal pathways specialized for detection of different features in a visual image (Masland, 2001; Wassle, 2004) . Changes in light intensity, central to our continuous experience of vision, are encoded by separate ON and OFF pathways, two major channels in the visual system that are excited by light onset and offset, respectively (Werblin and Dowling, 1969; Schiller, 1992) . The push-pull modulation of firing rate from ON and OFF RGCs is thought to underlie perception of changes in contrast, the "highlights and shadows" in a visual scene (Schiller et al., 1986; Nelson and Kolb, 2004) .
The resting discharge of RGCs is thought to reflect the balance of excitatory and inhibitory synaptic input the cell receives from the excitatory center and antagonistic surround regions of its receptive field (Kuffler et al., 1957; Rodieck, 1967; Barlow and Levick, 1969; Sakmann and Creutzfeldt, 1969; Frishman and Levine, 1983) . Differences in the resting discharge of ON and OFF RGCs were described in early work (Barlow and Levick, 1969; Barlow et al., 1971) but have not yet been fully explained. Studies comparing the synaptic circuitry of ON and OFF pathways identified differences in the strength and dynamics of excitatory and inhibitory synaptic input (Pang et al., 2003; Zaghloul et al., 2003; Murphy and Rieke, 2006; Sagdullaev et al., 2006) , resulting in the presumption that differences between ON and OFF RGCs arise solely from differences in their underlying synaptic circuitry.
The possibility that there are also intrinsic differences in the electrophysiological properties of ON and OFF RGCs has not been directly tested. To investigate this, we studied the firing properties of ON and OFF RGCs in the absence of synaptic input. We find that OFF cells, unlike ON cells, generate spontaneous activity that is not driven by synaptic input. In addition, these cells show distinguishing differences in burst firing, subthreshold oscillations, rebound excitation, and voltage-dependent Ca 2ϩ and Na ϩ conductances. These results highlight different mechanisms for generating maintained firing in ON and OFF retinal circuits.
Materials and Methods
Animals and tissue preparation. All experimental protocols were approved by the Administrative Panel on Laboratory Animal Care at the University of Washington. After the animals were killed by cervical dislocation, the eyes from adult (5-8 weeks) male wild-type C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were enucleated and placed in room-temperature Ames' medium (Sigma, St. Louis, MO) equilibrated with 5% CO 2 /95% O 2 . Eyes were hemisected, and retinas were isolated intact from the retinal pigment epithelium and then adhered photoreceptor-side down onto translucent Anodisc filter paper (Whatman, Florham Park, NJ) by wicking away excess solution. The recording chamber was placed on the stage of a custom-built two-photon laserscanning fluorescence microscope and viewed with a CCD camera using infrared illumination. The retina was perfused with warmed (30 -34°C) equilibrated Ames' medium at a flow rate of 5-8 ml/min.
For experiments that required light responses, animals were housed in a light-tight chamber for 2-15 h before experiments, and dissections were performed in the dark using infrared illumination and image converters. For experiments in which we applied synaptic blockers (see below), which rendered the retina insensitive to light, animals were not dark adapted beforehand, and dissections were performed in dim room light using a standard light microscope.
Electrophysiology and light stimuli. Cells in the ganglion cell layer were targeted for patch-clamp recording based on their large (20 -25 m) diameter somata, which were exposed by microdissecting the internal limiting membrane above the cell of interest using an empty patch pipette. The exposed cell was recorded in either current-or voltage-clamp mode with a patch electrode (3-7 M⍀) filled with an internal solution that contained the following (in mM): 120 K-gluconate, 5 NaCl, 5 KCl, 5 HEPES, 1 MgCl 2 , 1 ATP, 0.1 GTP, and 0.14 Oregon Green 488 BAPTA-1 (OGB-1) adjusted to pH 7.4 with KOH. Series resistance was minimized, and recordings were discarded if they were Ͼ15 M⍀. Voltages were corrected for a 10 mV liquid junction potential that was determined experimentally (Neher, 1992) . Signals were amplified with an Axopatch 200B amplifier (Molecular Devices, Palo Alto, CA), and data were acquired and analyzed off-line using custom routines written in Igor Pro (WaveMetrics, Lake Oswego, OR).
Visual stimuli were generated by a digital projector (VistaGRAPHX 2500; Christie Digital, Wokingham, UK) controlled by custom software through a VSG3 stimulus generator (Cambridge Research Systems, Kent, UK) (Packer et al., 2001 ). Stimuli were focused through a substage condenser onto the photoreceptor layer of the retina. All stimuli were spots centered over the receptive field of the cell.
Synaptic antagonists. To block synaptic transmission, neurotransmitter receptor antagonists were added to the extracellular solution. The standard synaptic blockers mixture contained the following (in M): 50 L-APB, 20 CNQX, 50 APV, 1 strychnine, and 50 picrotoxin (see . In additional experiments (in M), 0.1 TTX (see Figs. 8, 9) , 100 NiCl 2 (see Fig. 7 ), 50 (2S)-3-[(15)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl)(phenylmethyl)phosphinic acid (CGP 55845), 50 curare, 100 carbenoxelone, 300 CdCl 2 , 20 nimodipine, or 20 nifedipine (data not shown) were added to the blockers mixture. Chemicals were purchased from Sigma or Tocris (Ellisville, MO).
Two-photon microscopy. Retinal ganglion cells that had been filled with a fluorescent Ca 2ϩ indicator (OGB-1) via diffusion from the recording pipette and the interstitial spaces in the retina that had been counterstained with extracellular sulforhodamine-101 (ϳ0.1 mM; Sigma) were imaged simultaneously using a custom-built multiphoton fluorescence microscope (Denk et al., 1990; Denk and Detwiler, 1999; Euler et al., 2002) . The two-photon excitation source was a mode-locked titanium/ sapphire laser (Mira-900; Coherent, Santa Clara, CA) tuned to 930 nm. Fluorescence was collected by a 60ϫ water immersion imaging objective (1.0 numerical aperture; Nikon, Tokyo, Japan) and directed to two independent photomultiplier detectors that measured the light passing through either a 535 nm (50 nm bandpass) filter ("green channel," calcium indicator signal) or a 622 nm (36 nm bandpass) filter ("red channel," sulforhodamine signal) (fluorescence emission filters from Chroma Technology, Rockingham, VT). The microscope used CfNT imaging software originally written at Bell Labs (Murray Hill, NJ) by R. Stepnoski and modified extensively by M. Müller at the Max Planck Institute for Medical Research in Heidelberg, Germany. Z-stack image series (256 ϫ 256 pixels) were acquired at 1.95 Hz and analyzed off-line using either custom software (Igor Pro) written by Thomas Euler or NIH ImageJ (http://rsb.info.nih.gov/ij/).
Data analysis. Resting potential (V rest ) was defined as the mean membrane potential (V m ) measured over 1-5 s. For recordings in which the cell was spiking, spikes were digitally removed (2 ms deleted after 10 V/s threshold) before measuring V rest . In Figure 8 , V rest was defined as mean V m in synaptic blockers plus 0.1 M TTX. The coefficient of variation (CV ϭ SD/mean) was used to measure variability in spike trains (see Fig. 4 ) and voltage oscillations (see Fig. 5 ). For spike trains, CV of the interval between successive spikes [the interspike interval (ISI)] was measured. For voltage oscillations, CV was measured from 100 -400 ms segments of raw voltage traces. In both cases, CV was plotted versus V m , which was measured as the mean voltage over the last 100 -300 ms of responses to negative current steps after V m had stabilized.
Persistent Na ϩ current (I NaP ) was measured using slow voltage ramp stimuli (see Fig. 8 ), standard procedures for measuring this current (Stafstrom et al., 1985; Crill, 1996; Pennartz et al., 1997; Powers and Binder, 2003) . Currents in response to 5 s voltage ramps from Ϫ90 to Ϫ10 mV (16 mV/s) were measured in the presence of synaptic blockers before and after 0.1 M TTX. I NaP was taken as the TTX-subtracted current (blockers-TTX). Activation voltage (V activ ) was defined as the voltage corresponding to 5% maximum current.
All data are presented as mean Ϯ SEM. Unpaired t tests were used for group comparisons unless stated otherwise. Statistical significance was indicated as *p Ͻ 0.05 and **p Ͻ 0.01.
Results

Cell identification: physiology
In the isolated, intact flat-mount mouse retina, we targeted cells with large (20 -25 m) somas in the ganglion cell layer for patchclamp recording. These cells had a high probability of being classified as ON, OFF transient (OFF T), or OFF sustained (OFF S) RGCs, as reported previously in mouse retina (Pang et al., 2003; Murphy and Rieke, 2006) . We identified cells using both physiological and morphological criteria. Figure 1 A illustrates representative responses to light from each type of cell. In the darkadapted retina, the onset of a step of light excites ON cells ( Fig.  1 A, left) and inhibits OFF T and OFF S, which in both cases are excited at the termination of the light stimulus ( Fig. 1 A, middle, right) . OFF T cells could be distinguished from OFF S cells by generating a higher-frequency burst of spikes at light offset (often Ͼ300 Hz) than the OFF S cells (typically Ͻ100 Hz). These results are consistent with recent studies that found similar cell types in mouse retina (Pang et al., 2003; Murphy and Rieke, 2006) .
Cell identification: morphology
All recorded cells were filled with OGB-1, and their morphology was visualized using two-photon florescence microscopy to take serial images at different focal depths in the retina (Z-series stack). Figure 1 B shows Z-projections of image stacks of representative ON (left), OFF T (middle), and OFF S (right) RGCs. At the same time fluorescence images of the cell were being taken, the retina was perfused with Ames' solution containing ϳ0.1 mM sulforhodamine-101, a membrane-impermeant fluorescent counterstain that fills the interstitial space (Denk and Detwiler, 1999; Euler et al., 2002) . Image stacks of the recorded cell and the extracellular space surrounding it were collected simultaneously using the green and red detector channels of the microscope, respectively. Nine images of Z-stacks of 33 images showing the OFF T cell in Figure 1 B and the extracellular counterstain at identical focal planes are shown in C. The images of the sulforhodamine-101 counterstain were used to identify the boundaries of the inner plexiform layer (IPL). The proximal border (IPL ϭ 0%) was defined as the first image after the RGC layer to contain no somata (black asterisk), and the distal border (IPL ϭ 100%) was defined as the last image to contain no somata before the inner nuclear layer (white asterisk). Borders identified by eye in this manner could be verified in side projections of red channel image stacks (Fig. 1C1, right) and/or by plotting intensity of red fluorescence in each image versus focal depth (Fig. 1 D, circles) .
The dendritic arbors of ON, OFF T and OFF S cell types stratified at distinct depths within the IPL. The intensity of green channel (OGB-1) fluorescence in each image in a Z-series was measured and plotted against IPL depth (Fig. 1 D, triangles). The stratification level was defined as the peak of a smoothed curve drawn through the points. For the OFF T cell in Figure 1 D, stratification was at 61% of the IPL depth. Measurements from a collection of ON, OFF T, and OFF S cells show that the dendrites of the three cell types stratify at different levels in IPL without overlapping (Fig. 1 E) . These results indicate that ON, OFF T, and OFF S RGCs are morphologically as well as physiologically distinct. The differences in dendritic stratification were used to identify cell types in experiments in which the light sensitivity of the retina was abolished by using a mixture of synaptic blockers (see below).
Maintained activity
Although the existence of maintained firing in ON and OFF RGCs has been known for decades (Granit, 1947; Kuffler et al., 1957) , differences in the underlying mechanisms have not been described. Here, maintained activity is defined as ongoing spiking in the absence of modulated light, and spontaneous activity refers to spiking that is generated intrinsically (i.e., independent of synaptic input).
In whole-cell recordings in the isolated intact mouse retina, we found maintained activity in ON and OFF RGCs (both OFF T and OFF S) under dark-and lightadapted conditions, consistent with previous experiments in several species both in vivo (Barlow and Levick, 1969; Sagdullaev and McCall, 2005) and in vitro (O'Brien et al., 2002; Zaghloul et al., 2003) . There was considerable variability in mean rate among cells of the same type, especially in the dark, also consistent with previous work (Rodieck and Smith, 1966; Rodieck, 1967) . Because the experiments that follow were done in the presence of synaptic antagonists rendering the retina insensitive to light, the dark adaptational state of the retina was not maintained, and recordings were performed under light-adapted conditions (see Materials and Methods).
Effects of L-APB on maintained activity
To evaluate the role of synaptic input in the generation of maintained activity, we (Slaughter and Miller, 1981; Bolz et al., 1984; Schiller et al., 1986) . Bath application of 50 M L-APB hyperpolarized ON RGCs and abolished their maintained firing (Fig. 2 A) . These results are consistent with previous experiments in rabbit, cat, and guinea pig and indicate that the origin of maintained firing in ON cells arises from tonic synaptic drive from ON bipolar cells (Massey et al., 1983; Bolz et al., 1984; Zaghloul et al., 2003) . L-APB had the opposite effects on the maintained firing of OFF cells, causing a ϳ10 mV depolarization and an increase in spike rate (Fig. 2 B) . Similar effects were seen in OFF S RGCs (data not shown). The differential effect of L-APB on ON and OFF RGC firing has been reported previously in other species (Massey et al., 1983; Bolz et al., 1984; Wassle et al., 1986; Zaghloul et al., 2003) and has been interpreted as showing that the ON pathway provides tonic inhibition to the OFF pathway, most likely through an inhibitory amacrine interneuron (Fig.  2C ). Implicit in this explanation is the assumption that disinhibition of the OFF pathway leads to increased synaptic excitation of OFF RGCs from OFF bipolar cells. Blocking ionotropic glutamatergic transmission, which has not been done in previous experiments, can test this interpretation. If disinhibition is the source of increased excitation of OFF RGCs, the addition of glutamate antagonists would be expected to eliminate the activity of OFF RGCs. Alternatively, if OFF cells are spontaneously active, their activity would continue in the presence of antagonists that blocked synaptic input.
Activity in the presence of synaptic blockers
To test whether maintained activity of OFF RGCs depends on synaptic input, we applied a mixture of synaptic blockers that contained, in addition to L-APB, CNQX, APV, strychnine, and picrotoxin (for concentrations, see Materials and Methods) to block AMPA, NMDA, glycine, and GABA receptors, respectively. Figure 3A shows the effects of this blocker mixture on the maintained activity of ON, OFF T, and OFF S RGCs. As in L-APB alone, ON cells hyperpolarized and stopped spiking, and membrane voltage fluctuations were reduced (Fig. 3A1 ). In contrast, both OFF T and OFF S RGCs depolarized and spiking became highly regular (Fig. 3A2,A3 ). Figure 3B illustrates the effects of blockers on V rest and mean firing rate for the cells in Figure 3A . In addition, blockers caused a narrowing of ISI distributions and a decrease in the coefficient of variation (CV ϭ SD/mean) of all ISIs in the distribution (Fig. 3C) , which indicates an increase in the regularity of firing. A subset of experiments showed that these results were unaffected by using a fortified mixture that also included either 50 M CGP 55845 to block GABA B receptors or 50 M curare and 100 M carbenoxelone to block nicotinic acetylcholine receptors and gap junctions, respectively.
The differential effects of synaptic blockers on ON and OFF RGCs are summarized in Figure 3D and Table 1 . These experiments demonstrate that synaptic input is not required for maintained activity in OFF RGCs and indicate that OFF cells are capable of intrinsically generated spontaneous activity.
Differences in intrinsic properties revealed by modulation of spontaneous activity Burst firing and subthreshold oscillations
Spontaneously active neurons express a combination of voltagegated ion channels that underlie their activity. Consequently, these cells often display other membrane properties such as burst firing and subthreshold voltage oscillations (Llinas, 1988) . Because OFF RGCs generate spontaneous activity and ON RGCs do not, we considered whether these cell types could be distinguished on the basis of differences in these features of their electrical behavior.
To investigate this, spontaneous firing in OFF RGCs was disrupted using steps of negative current applied through the somatic patch electrode (Fig. 4) . For a direct comparison between ON and OFF RGCs, we first depolarized ON cells with positive current to bring their membrane potential and spike rate close to that of spontaneously active OFF cells (Fig. 4 A1) . In ON, . Note that, in the OFF T cell, in contrast to the ON cell, L-APB caused ϳ8 mV depolarization and an increase in firing rate. C, Schematic of synaptic circuitry proposed to underlie differential effect of L-APB on ON and OFF pathways (Wässle et al., 1986; Zaghloul et al., 2003) . L-APB blocks the ON pathway, decreasing amacrine cell-mediated inhibition of OFF bipolar (bip) and ganglion cells, resulting in disinhibition of OFF RGCs.
OFF T, and OFF S cells, spiking could be modulated with negative current. In OFF T cells, steps to voltages just below spike threshold revealed subthreshold oscillations in the interspike membrane potential (Fig. 4 A2, inset) . Some (2 of 10) of these cells also fired bursts at intermediate levels of hyperpolarization (data not shown), although bursting was weaker in OFF T than OFF S cells. In (6 of 12) OFF S cells, regular spiking changed to fullblown bursts before being silenced (Fig.  4 A3, inset) . ON cells showed no evidence of bursting (Fig. 4 A1 ; 0 of 8 cells). We observed similar bursting behavior in OFF RGCs by applying positive current steps after first silencing spontaneous activity with negative current (data not shown).
To measure bursting, the CV of ISIs during responses to negative current steps was plotted as a function of mean V m during the step (Fig. 4 B) . Each point on the plot represents a measurement from a single spike train at a given mean membrane potential, and responses from several cells are pooled. CV is a common measure of the regularity of spiking, in which high values reflect high variability and low values reflect low variability or high regularity (Tolhurst et al., 1981; Frishman and Levine, 1983; Shadlen and Newsome, 1998) . These measures revealed two important points. First, OFF cells showed a higher occurrence of burst firing than ON cells, as reflected by larger CV values. Second, when hyperpolarized, OFF cells had a lower threshold for spiking than ON cells. These experiments indicate that OFF RGCs have a greater intrinsic capacity for burst firing than ON RGCs.
Subthreshold oscillations
To obtain more detailed measurements of subthreshold oscillations, we performed additional experiments using negative current steps to disrupt spontaneous spike activity. Figure 5A shows example responses of each cell type to hyperpolarizing steps that suppress spontaneous activity. As in Figure 4 , positive current was injected into ON cells to approximately match OFF cell firing rate and mean V m . In the ON cell (Fig. 5A1) , a Ϫ40 pA current step revealed small (ϳ2-3 mV) fluctuations in V m that became more pronounced in the region just before the cell began to spike. With a larger current step that silenced the firing, V m fluctuations were essentially abolished. In the OFF T cell (Fig. 5A2) , a small negative current step revealed prominent (3-4 mV), sharp fluctuations in V m . With a larger current step, these fluctuations became smaller but increased later in the sweep as the voltage relaxed to a more positive potential. Similar results were observed in OFF S cells (Fig. 5A3) , but the voltage fluctuations in these cells were typically slower and less sharp.
Figure 5B shows summary data quantifying subthreshold oscillations from ON, OFF T, and OFF S RGCs. Each plot shows the CV of V m versus mean V m , in which each point represents a measurement taken from one subthreshold sweep when no spikes were present (see Materials and Methods). Analysis of a group of ON cells (Fig. 5B1 ) revealed a voltage dependence of subthreshold oscillations, in which oscillation strength increased with increasing V m . This voltage dependence was striking for OFF T cells (Fig. 5B2 ) but less pronounced for OFF S cells (Fig.  5B3) . Averaged across all voltages, the mean oscillation strength for OFF cells was larger than for ON cells, reflecting largeramplitude subthreshold oscillations in OFF than ON RGCs.
Rebound firing
Intrinsic properties such as burst firing and subthreshold oscillations are often associated with postinhibitory rebound firing, i.e., a burst of spikes after a hyperpolarizing stimulus (Llinas and Yarom, 1981; Jahnsen and Llinas, 1984) . Consistent with this combination of properties, we found that OFF, but not ON, RGCs fired rebound bursts after negative current steps. This is illustrated in Figure 6 , which compares the responses to the termination of negative current steps in the three cell types. Before delivering current steps, negative holding current was applied to OFF cells that silenced their spontaneous activity and brought their resting potentials to values similar to that of ON cells. These results indicate that OFF, but not ON, RGCs have the ability to generate rebound burst firing. This is an important topic (Guen- Table 1 ). The blockers mixture contained (in M) 50 L-APB, 20 CNQX, 50 APV, 1 strychnine, and 50 picrotoxin in this and all subsequent figures unless noted otherwise.
ther et al., 1994; Lee et al., 2003) and will be examined more thoroughly in future work. In summary, disrupting the spontaneous activity of OFF RGCs with negative current injection revealed burst firing from negative potentials, subthreshold voltage oscillations, and rebound burst firing. ON RGCs, in contrast, did not fire bursts, showed smaller-amplitude subthreshold oscillations, and were not capable of rebound firing. Because these experiments were performed in the presence of a mixture of synaptic blockers, they demonstrate that the membrane properties ON and OFF RGCs are intrinsically different.
Generation of spontaneous activity
The steady depolarization that drives spontaneous (pacemaker) activity arises through different mechanisms in different types of neurons (Harris-Warrick, 2002). To investigate the origin of spontaneous activity in OFF RGCs, we considered mechanisms that were dependent on either calcium or sodium currents.
Mechanism 1: calcium
Because Ca 2ϩ plays an important role in generating spontaneous activity in pacemaker cells from the heart (Kass and Tsien, 1982) and CNS (Llinas and Sugimori, 1980) , Ca 2ϩ channel blockers were used to evaluate the dependence of spontaneous firing in OFF RGCs on voltagegated Ca 2ϩ channels. The effects of Ni 2ϩ were tested first because OFF RGCs express a low-threshold, transient inward current in the presence of TTX that is blocked by 100 M Ni 2ϩ (Fig. 7A) . The results of a separate series of experiments (our unpublished observations) show that this current is mostly inactivated at rest, has a low-voltage activation threshold, and is associated with increases in intracellular Ca 2ϩ , all characteristic features of T-type Ca 2ϩ channels. The effects of 100 M Ni 2ϩ on spontaneous activity in an example OFF T cell are shown in Figure 7B . In the presence of the synaptic blocker mixture, firing was regular, with a baseline V m of Ϫ54 mV (Fig.  7B1) . After addition of 100 M Ni 2ϩ , mean spike rate decreased, but baseline V m depolarized to Ϫ51 mV (Fig. 7B2) . In six OFF T cells, Ni 2ϩ caused a small but significant depolarization (Fig. 7B3) ( p Ͻ 0.01, paired t test). If T-type Ca 2ϩ current provides a depolarizing drive important for the generation of spontaneous activity, Ni 2ϩ application should cause the cell to hyperpolarize rather than depolarize as observed. This result suggests that Ni 2ϩ -sensitive low-threshold Ca 2ϩ channels do not provide the depolarizing drive underlying spontaneous activity in OFF cells.
The effect of Ni 2ϩ on subthreshold oscillations was also investigated (Fig. 7C) . In the presence of synaptic blockers, a series of hyperpolarizing current steps in a different OFF T cell resulted in prominent voltage-dependent subthreshold oscillations (Fig.  7C1 ) that continued in the presence of 100 M Ni 2ϩ (Fig. 7C2) , with no significant change in oscillation strength ( p ϭ 0.33, paired t test; n ϭ 3) (Fig. 7B3) .
To assess the role of other Ca 2ϩ channel types in generating spontaneous activity in OFF RGCs, we measured the effects of the L-type Ca 2ϩ channel blockers nimodipine and nifedipine and the wide-spectrum Ca 2ϩ channel blocker Cd 2ϩ . Spontaneous activity persisted in the presence of 20 M nifedipine, 20 M nimodipine, or 300 M Cd 2ϩ (data not shown). Changes in firing properties were apparent in the presence of these compounds, especially Cd 2ϩ , which caused increased burst firing, but this was difficult to interpret given the wide range of secondary effects associated with Cd 2ϩ application [e.g., effects on Ca 2ϩ -activated K ϩ channels, which leads to bursting in other types of neurons (Traub et al., 2003) ]. However, the persistence of spontaneous activity was clear in the presence of Ni 2ϩ , nifedipine, nimodipine, and Cd 2ϩ . These data indicate that spontaneous firing does not require voltage-gated Ca 2ϩ channels, and we conclude that, although present in OFF RGCs, they do not provide the primary depolarizing drive underlying spontaneous activity. This does not, however, exclude the possibility that Ca 2ϩ plays a modulatory role.
Mechanism 2: sodium Persistent Na ϩ entry through voltagegated Na ϩ channels is responsible for pacemaker activity in several types of central neurons (Pennartz et al., 1997; Taddese and Bean, 2002; Do and Bean, 2003) . Although immunocytochemistry studies have shown that mammalian RGCs express Na ϩ channels subtypes that can mediate persistent Na ϩ current (I NaP ), e.g., Na V 1.6 (Van Wart and Matthews, 2006b), the presence of such a current has only been demonstrated electrophysiologically in goldfish ganglion cells (Hidaka and Ishida, 1998) . Thus, we asked, first, do mouse RGCs have I NaP , and, second, does it play a role in generating spontaneous activity?
Evidence for persistent Na ؉ current in ON and OFF RGCs To test for I NaP in ON and OFF RGCs, we applied slow voltage ramps (Ϫ90 to Ϫ10 mV at 16 mV/s) in whole-cell voltage clamp (Fig. 8 A) , following standard protocols for measuring this current (Stafstrom et al., 1985; Crill, 1996; Pennartz et al., 1997; Powers and Binder, 2003) . The measurement of I NaP in an OFF S cell is illustrated in Figure 8 B. Subtraction of the ramp current recorded in the presence and absence of TTX isolated a TTXsensitive I NaP that activated (defined as 5% maximum) at Ϫ65 mV and had a peak amplitude of Ϫ180 pA (Fig. 8C ). There were no significant differences in the average peak amplitude and activation voltage in ON, OFF T, and OFF S RGCs (Table 2) .
To determine whether the V rest is within the activation range of the persistent current, steady-state voltage was measured in whole-cell current-clamp recordings in the presence of synaptic blockers and TTX. Figure 8 E shows mean V rest plotted against mean I NaP activation voltage (V activ ) for the three cell types. For ON cells, V activ was not different from V rest , indicating that I NaP is on average Յ5% active at rest. For OFF T and OFF S cells, V activ was negative to V rest , indicating that I NaP is active at rest in these cells (for statistical tests, see Table 2 ).
These results show that ON, OFF T, and OFF S RGCs express I NaP with similar voltage activation range and peak amplitude. However, V rest for OFF T and OFF S cells is significantly more positive to V activ , placing their resting voltages well into the activation range. This suggests that I NaP in OFF, but not ON, RGCs may contribute a steady depolarizing drive at V rest .
Effect of TTX on spontaneous activity and subthreshold oscillations
To test the proposal that I NaP contributes to the generation of spontaneous activity in OFF RGCs, we measured the effects of TTX on spontaneous firing and subthreshold oscillations. Figure  9A shows whole-cell current-clamp recordings of spontaneous firing during wash in of 0.1 M TTX for example cells of each type. ON cells were first depolarized with positive current to match OFF cell V m and firing rate; TTX had no effect on V m in ON cells without first being depolarized, consistent with the result that V rest in ON cells is negative to the activation range of I NaP (Fig. 8) . During wash in, fast spikes were abolished first, revealing fluctuations in membrane voltage. Insets show voltage fluctuations on an expanded timescale. Note that fluctuations were sharp and fast for OFF T cells, slower and larger for OFF S cells, and smaller in ON cells compared with both types of OFF cells. As wash in continued, voltage fluctuations were also abolished, and cells hyperpolarized by ϳ3-5 mV. These results suggest that subthreshold oscillations are TTX sensitive.
To test this more directly, we compared the strength of subthreshold oscillations before and after TTX application. As in Figure 4 , spontaneous spiking in OFF cells was silenced by injecting hyperpolarizing current. Figure 9B shows the effect of TTX on subthreshold oscillations from an example OFF T cell. Suppression of spontaneous activity revealed prominent subthreshold oscillations (Fig. 9B1 ) that were abolished by 0.1 M TTX (Fig.  9B2) . Oscillation strength versus V m is illustrated for a collection of OFF T cells in Figure 9C , showing that TTX reduced the strength of oscillations and their voltage dependence. Although this was true for all three cell types (Fig. 9D) , the TTX-sensitive oscillations were twofold to threefold larger in OFF cells compared with ON cells (Table 2 ). Table 2 . Measurements were made on the last 100 -400 ms portions of voltage recordings after V m had stabilized after a characteristic "sag." Experiments were done in the presence of synaptic blocker mixture.
These results indicate that TTX-sensitive persistent Na ϩ current is active at rest in both OFF T and OFF S cells and suggest that it gives rise to subthreshold oscillations and the generation of spontaneous activity in both of these cell types.
Discussion
Here we show that a different balance of synaptic and intrinsic mechanisms underlies the generation of maintained activity in ON and OFF RGCs. The results indicate that ON cells are primarily driven by synaptic input, whereas OFF cells possess active intrinsic properties that drive spontaneous activity in the absence of synaptic input. This represents a major functional difference between ON and OFF retinal circuits at the level of the output cell.
Different intrinsic properties for ON and OFF RGCs
RGCs have been reported to have differences in firing properties (transient or sustained) (Tabata and Kano, 2002) and in expression of a number of voltage-gated currents (Lipton and Tauck, 1987; Karschin and Lipton, 1989; Kaneda and Kaneko, 1991; Skaliora et al., 1993 Skaliora et al., , 1995 Guenther et al., 1994 Guenther et al., , 1999 Tabata and Ishida, 1996; Wang et al., 1997 Wang et al., , 1998 . These studies were done on dissociated cells, however, in which it was not possible to distinguish ON from OFF cell types. There is little information about the electrophysiological properties of identified ON and OFF cells in the functionally intact retina. Differences in the firing thresholds of these cells in the developing retina have been reported (Myhr et al., 2001) , but no systematic studies have been done on intact adult RGCs (but see O'Brien et al., 2002; Zaghloul et al., 2003) . Our results demonstrate that intrinsic differences last into adulthood and represent a fundamental feature of mature retina.
Mechanism of spontaneous activity
TTX abolished subthreshold oscillations and caused hyperpolarization of V rest in OFF RGCs. This result, along with the presence of persistent Na ϩ current in these cells, supports the proposal that spontaneous spike activity is driven by TTX-sensitive Na ϩ currents that operate at voltages close to spike threshold. Spontaneous activity and subthreshold oscillations in OFF RGCs continue in the presence of external Ni 2ϩ , nifedipine, Cd 2ϩ , or Cs ϩ (1 mM; data not shown), suggesting that neither voltage-gated Ca 2ϩ currents nor I h are required for its generation. A similar Na ϩ -sensitive, Ca 2ϩ -insensitive mechanism drives spontaneous firing in other CNS pacemakers, including subthalamic neurons (Do and Bean, 2003) , cerebellar Purkinje cells (Raman and Bean, 1999) , and the dopaminergic retinal amacrine cell (Feigenspan et al., 1998) .
RGCs have been found to express a variety of voltage-gated Na ϩ channels that give rise to transient rapidly inactivating inward currents (Lipton and Tauck, 1987; Kaneda and Kaneko, 1991; Skaliora et al., 1993) . Persistent Na ϩ current is present in dissociated goldfish RGCs (Hidaka and Ishida, 1998) but has not been reported in mammalian retina. Our experiments show that mouse ON and OFF RGCs have I NaP with amplitudes and voltage activation ranges that are similar to that found in many other types of neurons (Stafstrom et al., 1985; Pennartz et al., 1997; Hidaka and Ishida, 1998; Vervaeke et al., 2006) . The identities of all of the channel types that give rise to I NaP have not been established but are known to include Na V 1.1, Na V 1.2, and Na V 1.6, with the last being the predominate channel in mature retina (Boiko et al., 2003; Van Wart and Matthews, 2006a) . These studies, however, did not compare the spectrum of Na ϩ channel expression in ON and OFF RGCs and cannot rule out the possibility that they express different mixtures of Na ϩ channel subtypes.
A key factor in the differences in spontaneous activity between ON and OFF RGCs was the difference in V rest (Ϫ55 vs Ϫ65 mV in OFF and ON cells, respectively, in the presence of synaptic blockers and TTX). Thus, the persistent current is active and generates spontaneous spike activity at rest in OFF cells but not ON cells. . Activation of persistent Na ϩ current (I NaP ) at rest in OFF RGCs. A, Voltage-clamp command used for measuring I NaP . B, Superimposed current traces before and after adding of 0.1 M TTX to the synaptic blocker mixture in response to the voltage command in A for an OFF S RGC. C, Subtraction of "TTX" current from "Blockers" current yields "TTX-subtracted" current. TTX-subtracted current is plotted versus command potential to illustrate its range of voltage activation. D, Mean TTX-subtracted currents for ON (D1; n ϭ 6), OFF T (D2; n ϭ 6), and OFF S (D3; n ϭ 5) RGCs. Mean V activ for TTX-subtracted current and V rest are indicated on the abscissa for comparison. E, Plot of mean V activ of TTX-sensitive current versus mean V rest (measured in blocker mixture plus 0.1 M TTX). Points above unity indicate resting voltages less than I NaP activation; points below unity indicate resting voltages greater than I NaP activation. 
Modulation of spontaneous activity by retinal circuitry
The retina is an active circuit; photoreceptors and interneurons tonically release neurotransmitter in light and dark. How does this influence OFF cell spontaneous activity? In steady light under physiological conditions, OFF cell maintained firing is irregular but becomes highly regular in the absence of synaptic input (Fig.  3) . This indicates that synaptic input is the source of the irregularity of spontaneous activity. OFF RGCs receive direct (postsynaptic) inhibition in steady light (Zaghloul et al., 2003) and during light responses (Pang et al., 2003; Zaghloul et al., 2003; Murphy and Rieke, 2006) . Because inhibitory conductances are sufficient to modulate spiking in OFF RGCs (Murphy and Rieke, 2006) , synaptic inhibition (which is noisy) would introduce variability into spontaneous spike trains. Presynaptic inhibition of glutamate release from OFF cone bipolar cell terminals is provided by AII amacrine cells (Bloomfield and Dacheux, 2001 ) and could also participate in modulating excitatory drive to OFF RGCs. However, OFF cells receive fivefold larger inhibitory than excitatory conductances (Murphy and Rieke, 2006) , suggesting that direct postsynaptic inhibition would have a stronger influence than presynaptic modulation of excitatory input. Although our results do not evaluate the relative impact of synaptic and intrinsic mechanisms on firing, it is possible that postsynaptic inhibitory modulation of intrinsic spontaneous activity is sufficient to account for the resting activity of OFF RGCs under physiological conditions. A similar mechanism underlies the maintained firing of cerebellar cortex neurons, in which tonic inhibition converts regular spontaneous firing into irregular maintained discharge (Hausser and Clark, 1997) . In this scenario, excitatory input is not required for resting activity but participates in generating light-evoked responses.
Function of spontaneous activity
A number of differences between ON and OFF retinal circuits have been described, including receptive field size, response kinetics, contrast sensitivity, contrast adaptation, presynaptic inhibition, and the dynamics of synaptic excitation and inhibition (Kim and Rieke, 2001; Chichilnisky and Kalmar, 2002; Pang et al., 2003; Zaghloul et al., 2003; Protti et al., 2005; Sagdullaev et al., 2006) . These studies focused on circuitry presynaptic to RGCs. We find that ON and OFF retinal pathways can be distinguished by intrinsic differences in electrophysiological properties of RGCs, as well as differences in synaptic circuitry. In the following, we outline explanations for a role of spontaneous activity in resting and light-evoked activity. Why is the resting discharge of ON and OFF pathways set by different mechanisms? One possibility is that the firing properties of RGCs reflect constraints imposed by presynaptic circuitry. Because maintained activity in ON cells depends on tonic glutamate input, steady-state basal release from presynaptic ON bipolar cells must be high. This is supported by experiments showing that increments and decrements in light around a steady mean modulate a single excitatory conductance in ON RGCs, suggesting that their mean spike rate is a direct reflection of steady glutamate input (Zaghloul et al., 2003) . In this situation, active properties would not be required to maintain high rates of resting discharge. In OFF RGCs, basal glutamate input is low at moderate levels of light adaptation (Demb et al., 2001; Zaghloul et al., 2003) . However, even at bright backgrounds when basal release from OFF bipolars would be expected to be at a minimum, the firing rate of OFF RGCs does not decrease accordingly (Rodieck and Smith, 1966; Rodieck, 1967; Barlow and Levick, 1969) . In this situation, it is possible that spontaneous activity assumes a more prominent role, which could affect the relationship between firing rate and light intensity. This could account for differences in maintained firing at bright backgrounds between ON and OFF RGCs.
Intrinsic properties are likely to play a role in the production Figure 9 . Spontaneous firing in OFF RGCs is driven by TTX-sensitive Na ϩ current. A, Whole-cell current-clamp recording of spontaneous firing from ON (A1), OFF T (A2), and OFF S (A3) RGCs during addition of 0.1 M TTX to the synaptic blocker mixture. The ON cell was first depolarized by ϩ80 pA for comparison with OFF cells (arrow). Insets show segments of the voltage trace on an expanded timescale, as indicated by line segments under longer sweeps (left). Note that voltage oscillations persist for a short time after fast spikes are abolished and that TTX causes an ϳ3-5 mV overall hyperpolarization. B, Reduction of subthreshold oscillations after TTX application. Responses to hyperpolarizing current injection from an OFF T cell before (B1) and after (B2) adding 0.1 M TTX to the blocker mixture. Different cell than in A. C, Plot of oscillation strength versus V m for a collection of OFF T cells before and after TTX addition. D, Effect of TTX on oscillation strength. Mean reduction was 35.8, 76.7, and 50.9% for ON, OFF T, and OFF S RGCs, respectively. For values and statistical comparisons, see Table 2 .
of the OFF cell light response. RGCs fire bursts of spikes in response to transient changes in light intensity, which has been explained by transient bursts of synaptic input (Pang et al., 2003; Freed, 2005) . However, in OFF cells, the spike response to light may also be influenced by the intrinsic capacity of the cell for generating bursts of action potentials. Burst firing typically requires a hyperpolarizing prepulse to bring voltage-gated channels out of inactivation (Jahnsen and Llinas, 1984) . If RGCs operate in this way, (1) they should contain low-threshold voltage-gated currents, (2) they should receive direct inhibition during a light response, and (3) inhibition should precede excitation. These criteria are met for OFF RGCs; they express T-type Ca 2ϩ current, and their light responses are dominated by direct inhibitory conductances (inhibition/excitation ratio of ϳ5:1) (Pang et al., 2003; Zaghloul et al., 2003; Murphy and Rieke, 2006) , which precedes excitation by tens to hundreds of milliseconds (Murphy and Rieke, 2006) . Thus, in addition to synaptic excitation, the burst of spike activity associated with the light response of OFF RGCs may be driven by the dynamics of synaptic inhibition in concert with the activation of the intrinsic conductances of the cell.
Our results show that differences in synaptic circuitry are not the only differences between the ON and OFF pathways. Instead, ON and OFF RGCs themselves have major differences in intrinsic properties, which may help to explain unresolved questions about ON and OFF retinal circuits.
